Common wheat is an allohexaploid (BBAADD) that originated from the hybridization and polyploidization of the diploid Aegilops tauschii (DD) with the allotetraploid Triticum turgidum (BBAA). Phenotypic changes often arise with the formation and evolution of allopolyploid wheat, but little is known about the evolution of root traits in different wheat species with varying ploidy levels. Here, we reported that the lateral root number on the primary root (LRNPR) of synthetic and natural allohexaploid wheats (BBAADD) is significantly higher than that of their allotetraploid (BBAA) and diploid (AA and SS) progenitors, but is much lower than that of their diploid (DD) progenitors. The expression of the wheat gene TaLBD16, an ortholog of the Arabidopsis LATERAL ORGAN BOUNDARIES-DOMAIN16/ASYMMETRIC LEAVES2-LIKE18 (LBD16), which is involved in lateral root development in Arabidopsis, was positively correlated with the LRNPR in diploid and allopolyploid wheats. In natural and synthetic allohexaploid wheats, the transcript of the TaLBD16 from the D genome (TaLBD16-D) was relatively more abundant compared with TaLBD16-A and TaLBD16-B. Consistent with the observed variation in LRNPR, the divergence in the expression of TaLBD16 homoeologous genes occurred before the formation of polyploidy wheat. Collectively, our observations indicate that the D genome played a crucial role in the increased lateral root number of allohexaploid wheats compared with their allotetraploid progenitors, and that TaLBD16-D was one of the key genes involved in the formation of lateral root number during wheat evolution.
INTRODUCTION
Common wheat (Triticum aestivum L.) is a typical allohexaploid species (2n = 6x = 42, BBAADD) and a major cereal crop produced worldwide (Petersen et al., 2006; Mayer et al., 2014) . Common wheat is derived from a hybrid cross between a cultivated form of allotetraploid wheat Triticum turgidum (BBAA) and a diploid goat grass Aegilops tauschii (DD). Triticum turgidum (BBAA) is considered to originate from the hybridization and polyploidization of the diploid species Triticum urartu (AA genomes) and Aegilops speltoides (SS genomes, most probably the donor of the B genome) (Petersen et al., 2006; Dubcovsky and Dvorak, 2007; Marcussen et al., 2014) . Different combinations of the genomes from the same or different species in polyploids often give rise to phenotypic variation and growth vigor that are maintained and adapted through natural selection and crop domestication (Chen, 2007) . Thereby, understanding how allopolyploidization modifies phenotypic trait variation is a major goal in wheat evolutionary biology (Balao et al., 2011) . Indeed, growing evidence has confirmed the roles of the instantaneous morphological and physiological effects of polyploidization and their evolutionary perseverance in the adaptability of allopolyploid wheats, such as increased root hair length, improved Zn efficiency, tolerance to salt stress and Al 3+ resistance (Osborn et al., 2003; Bagci et al., 2007; Van and Ogbonnaya, 2007; Ryan et al., 2010; Yang et al., 2014; Han et al., 2016) . To the best of our knowledge, however, little is known about the variation of lateral root during wheat evolutionary history. Lateral root is a major determinant of root systems architecture, which is formed from root pericycle cells adjacent to the xylem poles (Laplaze et al., 2007; P eret et al., 2009) . This branching of roots also contributes to water uptake and facilitates the extraction of nutrients required for the growth and development of the plant (Benkova and Bielach, 2010; Peters et al., 2014; Xue et al., 2016) . To date, molecular genetic studies have identified some crucial genes that regulate lateral root initiation and emergence in the model plant Arabidopsis (Lavenus et al., 2013; Lee et al., 2013) . Briefly, the two AUXIN RESPONSE FACTOR transcriptional activators (AtARF7 and AtARF19) directly regulate the downstream genes, LATERAL ORGAN BOUNDARIES-DOMAIN16/ASYMMETRIC LEAVES2-LIKE18 (AtLBD16/ASL18) and AtLBD29/ASL16, to facilitate lateral root formation in Arabidopsis (Okushima et al., 2007) . In wheat, some quantitative trait loci (QTLs) controlling lateral root number have been identified by quantitative genetic methodologies (Laperche et al., 2006; Ren et al., 2011) , but the underlying molecular mechanisms for these traits are still poorly understood.
Here, to investigate the evolution of lateral root number in allopolyploid wheat, we attempted to compare the lateral root number on the primary root (designated as LRNPR hereafter) of different wheat species with varying ploidy levels. Our results indicated that the D genome played a crucial role in the acquisition and evolution of LRNPR in allohexaploid wheats. Moreover, we identified a key gene TaLBD16 that contributed to the variation of LRNPR during allopolyploid wheat evolution. Overexpression of TaLBD16-D increases the LRNPR in wheat and rescues lateral root development in the Atarf7 Atarf19 double mutant of Arabidopsis. Notably, the alteration of TaLBD16 gene expression is significantly and positively correlated with the LRNPR variation of wheat species across different ploidy levels, and the D-homoeologue of TaLBD16 may contribute to the largest proportion of LRNPR variation in allohexapolyploid wheat. Collectively, these data expanded our knowledge about phenotypic variation and the underlying mechanism of wheat evolution.
RESULTS

Extensive variation for lateral root number existed in diploid and allopolyploid wheats
To analyze the variations of root traits during allopolyploid wheat evolution, a synthetic allohexaploid wheat (DM4/ Y199, BBAADD) and its tetraploid (DM4, BBAA) and diploid (Y199, DD) parents were selected for study, and dynamic growth patterns of the maximum root length (MRT), number of seminal roots (NSR), and lateral root number on the primary root (LRNPR) were measured and compared. The results demonstrated that MRT and NSR in DM4/Y199 (BBAADD) and DM4 (BBAA) were much higher than in Y199 (DD) at 4, 6, 8 and 10 days after germination (DAG) ( Figure S1 ). Interestingly, significant differences for LRNPR were observed at 6, 8 and 10 DAG, in the following pattern: (Figures 1a and S1 ). Next, the LRNPR at 8 DAG was investigated using another synthetic allohexaploid wheat (SCAUP/SQ523) and its parents, which showed consistent results ( Figure 1b) . In addition, we also measured and compared the LRNPR of allohexaploid wheat (TAA10), extracted allotetraploid wheat of TAA10 (ETW, BBAA), resynthesized allohexaploid wheat (XX329, BBAAD 1 D 1 ) and a diploid parent (TQ18, D 1 D 1 ) at 8 DAG. As expected, the LRNPRs of natural and resynthesized allohexaploid wheat (TAA10 and XX329) with near-identical BBAA genomes were significantly higher than that of the extracted tetraploid wheat (ETW), but were lower than that of the D-genome diploid parent (TQ18) (Figure 1c ), indicating that the increased LRNPR of synthetic and natural allohexaploid wheats could be attributed to the effect of the D genome compared with their allotetraploid progenitors.
To confirm whether the above observation also existed in natural wheat species, the LRNPR of 77 wheat accessions with varying ploidy levels at 8 DAG were measured (Table S1) . At the diploid level, the average LRNPR of the DD group was much higher than that of SS and AA groups ( Figure 2 ; Table S2 ). Across different ploidy levels, although the BBAADD group displayed increased LRNPR compared with the BBAA, AA and SS groups, the LRNPR of the DD group was significantly higher than that of the other groups, which provides further evidence that the D genome played a more important role in the lateral root development of natural allohexaploid wheat (Figure 2 ; Table S2 ).
Alteration of TaLBD16 gene expression was positively associated with variation in LRNPR Changes in gene expression often contribute to phenotypic evolution (Fay and Wittkopp, 2008) . In Arabidopsis thaliana, two AUXIN RESPONSE FACTORs (AtARF7 and AtARF19) directly regulate AtLBD16 and AtLBD29, and directly or indirectly regulate AtLBD18, to positively induce lateral root (LR) formation (Okushima et al., 2007; Lee et al., 2009) . To identify their orthologs in wheat, the sequences of AtARF7/AtARF19 and AtLBD16/AtLBD18/ AtLBD29 proteins were used as queries for TBLASTN analysis, and the number of wheat orthologous genes with the highest similarity in the reference genome of the allohexaploid wheat Chinese Spring (CS) was four and five, respectively (Figure S2a, b;  Table S3 ). According to the phylogenetic relationship of TaARF7/19 and TaLBD16/ TaLBD29 with their corresponding proteins from different species [Brachypodium distachyon, Hordeum vulgare (barley), Oryza sativa (rice) and Zea mays (maize)], these identified wheat orthologous genes encoding TaARF7/19 and TaLBD16/TaLBD29 were designated as TaARF7/19-1, TaARF7/19-2, TaARF7/19-3 and TaARF7/19-4, and TaLBD16, TaLBD16-1, TaLBD29-1, TaLBD29-2-1 and TaLBD29-2-2, respectively. For each orthologous gene, three conserved homoeologous sequences were also identified in allohexaploid wheat CS (Figure S2a , b; Table S3 ).
To investigate the role of TaARF7/19 and TaLBD16/ TaLBD29 genes in LRNPR in wheat, we analyzed the expression patterns of each gene in three sets of synthetic , SCAUP/SQ523 and XX329, synthetic allohexaploid wheats; TAA10, natural allohexaploid wheat, which has the near-identical BBAA genome with XX329 (BBAADD); DM4, SCAUP and ETW, tetraploid parents (BBAA); Y199, SQ523 and TQ18, diploid parents (DD). The values are means (SEs) of three biological replicates. Different letters are used to indicate means that differ significantly (P < 0.05, least significant difference test).
allohexaploids (Table S4 ; Figure S3 ). Considering the lag time between the observed LRNPR and gene expression, seedling roots at 2 DAG were selected for quantitative realtime polymerase chain reaction (qRT-PCR) analysis. Consistent with the variation of LRNPR, the mRNA abundance of TaLBD16 in the diploid parents (DD) was much higher than that of synthetic allohexaploid wheats and their allotetraploid parents (Figures 1 and 3a) . Moreover, the expression of the TaLBD16 gene was significantly and positively correlated with the variation of LRNPR at 8 DAG (r = 0.82, P < 0.01). In addition, the Pearson's correlation index between TaLBD16 gene expression and the LRNPR was higher than that of the other genes ( Figure S3 ). Thereby, we further investigated the spatiotemporal expressed patterns of TaLBD16. Polymerase chain reaction with reverse transcription (RT-PCR) analysis showed that TaLBD16 was specifically expressed in roots (Figure 3b) . Notably, dynamic expression patterns of TaLBD16 at 2, 4, 6, 8 and 10 DAG were also investigated. The results showed that the mRNA abundances of TaLBD16 were in the order of Y199 (DD) > DM4/Y199 (BBAADD) > DM4 (BBAA) at each time point, indicating that the expression variation of TaLBD16 among different ploidy wheats existed at different developmental stages ( Figure S4 ).
To further investigate the relationship between TaLBD16 gene expression and the variation of LRNPR during allopolyploid wheat evolution, 55 natural wheat accessions with varying ploidy levels were used for analysis (Table S5) . At each ploidy level, the expression of TaLBD16 was only significantly and positively correlated with the variation of LRNPR in diploid wheats (r = 0.54, P < 0.01; Table 1 ). Significant and positive correlation was observed across the three ploidy levels (r = 0.53, P < 0.01; Table 1 ), as well as across the diploid and allotetraploid levels (r = 0.59, P < 0.01; Table 1 ).
The transcript of TaLBD16 from the D genome was more abundant in allohexaploid wheat
To compare the expression pattern of three homoeologous genes in allohexaploid wheat, we analyzed the cDNA sequences of TaLBD16-A, TaLBD16-B and TaLBD16-D from the reference genomic sequences of CS. A BtsIMutI site (CAGTGNN) mutation was detected in TaLBD16-A and TaLBD16-B (CGGTGNN), which was used to design primers for cleaved amplified polymorphic sequence (CAPS) analysis ( Figure S5 ; Table S4 ). TaLBD16-A, TaLBD16-B and TaLBD16-D were located on chromosome 4A, 4B and 4D, respectively. To validate the BtsIMutI site mutation of TaLBD16-A and TaLBD16-B, nulli-tetrasomic lines N4DT4A and N4DT4B of CS were selected for investigation. As expected, the BtsIMutI could not cleave the PCR products of the nulli-tetrasomic lines N4DT4A and N4DT4B (Figure S6) . Furthermore, the partial sequences of the TaLBD16 gene were cloned from a synthetic allohexaploid wheat (SCAUP/SQ523 and DM4/Y199) and seven natural wheat accessions with varying ploidy levels. The sequence alignment showed that the BtsIMutI site in TaLBD16-D (CAGTGNN) was conserved in diploid and allopolyploid wheats, indicating that the BtsIMutI site (CAGTGNN) mutation is suitable for CAPS analysis ( Figure S7 ; Table S6 ). Therefore, RT-PCR and CAPS analyses were used to examine the relative mRNA abundances of three TaLBD16 homoeologous genes in 25 natural allohexaploid wheats and three synthetic allohexaploid wheats (Table S6 ). The results demonstrated that the transcript of TaLBD16-D was relatively more abundant in natural and synthetic allohexaploid wheats compared with TaLBD16-A and TaLBD16-B (Figure 4 ; Table S7 ), indicating that the homoeologue from the D genome generally contributed the most to the total number of homoeologous transcripts of TaLBD16 in allohexaploid wheat.
The coding sequence of three TaLBD16 homoeologous genes showed high similarity
Comparison analysis revealed that the open reading frame (ORF) and protein sequences of three TaLBD16 homoeologous genes from the reference genomic sequences of CS have very high similarities (97.59 and 98.05%). Further analysis showed that both TaLBD16-B and TaLBD16-D contained a 564-bp ORF encoding 187 amino acid residues, which have two more amino acid residues (alanine-alanine acid) at the end of the C terminus compared with that of TaLBD16-A ( Figure S8 ). Notably, a conserved lateral organ boundaries (LOB) domain was detected in the N terminus of the three TaLBD16 proteins ( Figure S8 ). In addition, the LOB domains of TaLBD16 proteins from different diploid species were also highly conserved ( Figure S8 ). LBD proteins are defined as plant-specific DNA-binding transcription factors (Husbands et al., 2007) . Thus, to determine the subcellular localization of TaLBD16-D, TaLBD16-D was fused to the gene encoding green fluorescent protein (GFP), and TaLBD16-GFP was transiently expressed under the control of the manopine synthase (mas) promoter in wild tobacco (Nicotiana benthamiana) leaves. The results demonstrated that the green fluorescent protein (TaLBD16-GFP) signal was only observed in the nucleus of tobacco cells ( Figure 5 ).
Overexpression of the TaLBD16-D gene enhanced the lateral root number
To characterize the biological function of the TaLBD16 gene, TaLBD16-D was used for transformation analysis because it had a relatively high level of expression in allohexaploid wheats (Figure 4a ). In Arabidopsis, AtLBD16 was one of the target genes of AtARF7 and AtARF19. Genetic studies revealed that the Atarf7 Atarf19 double mutant could completely inhibit the development of lateral roots, whereas overexpression of AtLBD16 could restore the formation of lateral roots in Atarf7 Atarf19 (Okushima et al., 2007) . Thus, the wheat orthologous gene of AtLBD16 (TaLBD16-D) was first overexpressed under the control of the CaMV 35S promoter in Atarf7 Atarf19. Consistent with our expectation, overexpression of TaLBD16-D could induce lateral root formation in Atarf7 Atarf19 ( Figure S9 ). Furthermore, TaLBD16-D-overexpressing wheat plants were generated with ORF driven by the maize ubiquitin (Ubi) promoter. Two homozygous transgenic wheat lines in T 3 were identified by genomic PCR (#1 and #2; Figure 6a) . qRT-PCR analysis revealed that the transcript levels of TaLBD16 in these transgenic lines were significantly higher than that in the wild type (Figure 6b ). The numbers of lateral roots on the primary root in lines #1 and #2 (14.01 AE 0.83 and 14.13 AE 1.32, respectively) were both significantly higher than that in the wild type (7.27 AE 0.36) (Figure 6c, d ). In addition, the LRNPR in the nulli-tetrasomic line N4AT4D of CS was also analzyed, and the results showed that the LRNPR in N4AT4D with two additional copies of TaLBD16-D (5.38 AE 1.86) was slightly higher than that of CS (4.10 AE 0.93) (Student's t-test, P < 0.05; Figure S10 ).
DISCUSSION
Evolution of allopolyploid wheat root development
Allopolyploidization is a biological process that has played a major role in the evolution of flowering plants (Doyle et al., 2008; Renny-Byfield and Wendel, 2014; Soltis and Soltis, 2016) . Heterozygosity and new genomic interactions in allopolyploids give rise to extensive phenotypic variation, which can be selected as agronomically valuable traits, such as increased biomass and enhanced abiotic stress tolerance (Osborn et al., 2003; Adams and Wendel, 2005; Chen, 2007; Coate et al., 2013; Yang et al., 2014) . However, the effect of polyploidy on root development is still an area for further investigation (Han et al., 2016) . In wheat, roots can be divided into two main classes: seminal roots and nodal roots (Hamada et al., 2011) . Seminal roots originate from the germinating embryonic hypocotyls, which usually consist of between five and seven seminal axes associated with lateral roots and root hairs (Richards and Passioura, 1981a,b; Brady et al., 1995) . As early as 1979, significant differences for seminal root numbers of 7-day-old plants were reported among Triticum species with different ploidy levels (Sivasithamparam et al., 1979) . Until recently, we found that synthetic and natural allopolyploid wheats have significantly longer root hairs than those of their diploid progenitors (Han et al., 2016) . Here, we reported that the average LRNPR in the natural and synthetic allohexaploid wheats was significantly higher than that of allotetraploid wheat. Further comparisons revealed that the average LRNPR of the DD group was much higher than that of the other diploid groups (AA and SS) and allopolyploid wheats (BBAA and BBAADD) (Figure 2 ; Table S2 ). Consistently, the LRNPRs of natural and resynthesized allohexaploid wheats with nearidentical BBAA genomes were significantly higher than that of the extracted tetraploid wheat (Figure 1c ). This result indicates that the increased lateral root number of allohexaploid (BBAADD) wheat originated in its D-genome diploid progenitor, and has been retained through the polyploidization, compared with allotetraploid wheat (BBAA). Remarkably, lateral root development is influenced by both genetic factors and environmental conditions (Bao et al., 2007; Manzano et al., 2014) . Thus, it is necessary to analyze the variation of lateral root number at different developmental stages in the field and other controlled conditions.
One extraordinary feature of polyploid evolution is genomic asymmetry, which is the predominant control of a variety of morphological, physiological and molecular traits by one genome over the others (Feldman et al., 2012; Wang et al., 2016) . In allopolyploid wheat, the accumulated evidence demonstrated that the A genome generally contributes to favorable effects on the morphological traits, whereas the B and/or D genome are responsible for biotic and abiotic tolerance (Feldman et al., 2012) . Our previous study indicated that allohexaploid wheat displayed increased root hair length compared with diploid wheat, whereas there was no significant difference between allohexaploid and allotetraploid wheats, indicating that the A and/or B(S) genome contained favorable genes for root hair development. The advantage of root hair length in allopolyploid wheat could lead to increased aerial growth vigor under nutrient-poor conditions, compared with its parents (Han et al., 2016) . Here, we found that the increased lateral root number in synthetic and natural allohexaploid wheats was mainly attributed to the function of the D genome. Collectively, these data expanded our knowledge about genome asymmetry during allopolyploid wheat evolution (Feldman et al., 2012) . As a consequence, the integration of these attributes in allohexaploid wheats could lead to increased root surface area, and thereby confer an advantage by exploiting mineral nutrients and water resources, which may positively promote the allohexaploid wheat to be established as a competitive population. Common wheat is a product of hybridization between the tetraploid wheat T. turgidum and diploid grass Ae. tauschii (Jia et al., 2013) . Previous studies indicated that only a few accessions of Ae. tauschii participated in the formation of common wheat, which led to the narrow genetic basis of the D-genome allohexaploid wheat, compared with the A and B genomes (Cox, 1997) . To enhance the D-genome diversity, various important traits from Ae. tauschii have been introgressed into common wheat (Miranda et al., 2007; Mujeeb-Kazi et al., 2007) . For instance, recent studies have shown that the extensive variation of grain size and shape in Ae. tauschii is a valuable resource to develop large grain (R€ oder et al., 2008; Yuki et al., 2013; Rasheed et al., 2014) . Here, considerable variation of the LRNPR was also observed among different accessions of Ae. tauschii (DD) (Figures 1 and 2) . Specifically, the LRNPR values for the three diploid parents (DD) of the synthetic allohexaploid wheats used in this study followed the order of: TQ18 > SQ523 > Y199. Interestingly, when comparing the LRNPR values of the three synthetic allohexaploid wheats, XX329 (ETW/TQ18) had the highest value, followed by SCAUP/SQ523 and DM4/Y199, suggesting that the wide variation of LRNPR in Ae. tauschii may be retained in synthetic allohexaploid wheats. The effect of different accessions of Ae. tauschii (DD) on LRNPR in allohexaploid wheats, and its use in wheat breeding, is therefore worthy of further investigation. Role of the TaLBD16 gene in the variation of wheat lateral root number at different ploidy levels Growing evidence has documented that alterations in gene expression are responsible for the phenotypic variations of polyploidy (Osborn et al., 2003; Adams and Wendel, 2005; Chen, 2007) . For instance, an immediate transcriptional reprogramming of the D-subgenome of the HKT1;5 homeolog played a critical role in the salt tolerance of synthetic allohexaploid wheat (Yang et al., 2014) . The expression levels of TaRSL2 and TaRSL4 were positively correlated with root hair length in diploid and allotetraploid wheats (Han et al., 2016 (Han et al., , 2017 . Here, we found that the change in TaLBD16 gene expression contributed to the quantitative variation of LRNPR during wheat evolution. First, the transcript of the TaLBD16 gene in synthetic allohexaploid wheat was equal to the mid-parent value, which was consistent with the observed LRNPR ( Figure S11 ). Second, the constitutive expression of TaLBD16-D increased the LRNPR in wheat and could rescue the lateral root development of the Atarf7 Atarf19 double mutant (Figures 6 and S9 ). Finally, a significantly positive correlation was observed between the mRNA abundance of TaLBD16 and the LRNPR of natural wheat accessions across varying ploidy levels (Table 1) . Notably, the correlation coefficient was also significant for the combined data of three diploid species (Table 1 ), indicating that the divergence in the expression of the TaLBD16 gene occurred before the formation of polyploidy wheat.
Common wheat is an allohexaploid species with most of its genes present as triplicate homoeologous genes, and divergences in the expression of homoeologues are frequently observed (Pumphrey et al., 2009; Akhunova et al., 2010; Chagu e et al., 2010; Hu et al., 2013; Leach et al., 2014) . For example, homoeologues of benzoxazinone (Bx) biosynthetic genes (TaBx1-TaBx5) are transcribed differentially and the homoeologue from the B genome generally contributes the most to Bx biosynthesis in allohexaploid wheat (Nomura et al., 2005) . In natural allopolyploid wheat, the transcript abundance of TaRSL4-A was more than the abundances of TaRSL4-B and TaRSL4-D, suggesting that the TaRSL4-A may play a more important role in root hair length, compared with TaRSL4-B and TaRSL4-D (Han et al., 2016) . In this study, we found that the transcript of the TaLBD16-D was relatively more abundant in the seedling roots of natural and synthetic allohexaploid wheats compared with TaLBD16-A and TaLBD16-B (Figure 4a, b) . Consistent with this observation, the LRNPR in N4AT4D was slightly higher than that of CS ( Figure S10 ). Collectively, we propose that TaLBD16-D probably played a vital role in the increase of LRNPR during allohexaploid wheat evolution, compared with TaLBD16-A and TaLBD16-B. It should be noted that aneuploidy can cause genome-wide dysregulated expression of many genes and produce a wide spectrum of abnormal phenotypes (Zhang et al., 2017) . Thus, we cannot exclude the possibility that the increased LRNPR in N4AT4D was the result of aneuploid syndrome. In addition, some variations were found in the amino acids of the three TaLBD16 homoeologues, which may have an influence on their functions in lateral root development, and so there is a need to conduct further analyses.
EXPERIMENTAL PROCEDURES Plant materials and culture conditions
The genotypes used for LRNPR analysis included three synthetic allohexaploid wheats (SCAUP/SQ523, DM4/Y199 and XX329; BBAADD) and 77 natural wheat species at different ploidy levels (Table S1 ). Moreover, nulli-tetrasomic line N4AT4D of CS was also used for LRNPR analysis. Besides the above three sets of the synthetic allohexaploid wheats, 55 of the 77 natural wheat species at varying ploidy levels were randomly selected for gene expression analysis (Table S5) . For CAPS anaylsis, 25 allohexaploid wheats were randomly selected to compare the expression pattern of three TaLBD16 homoeologous genes (Table S6 ). In addition, Fielder, a soft spring wheat, was used in the transformation of the TaLBD16 gene. For wheat species, the sterilized seeds were soaked in water for germination at 4°C for 3 days in the dark and then cultured for 2 days after germination (DAG) in a glasshouse (75% humidity; 16-h light at 22°C and 8-h dark at 18°C). Next, the seedlings were transferred onto a nylon net floated in a culture box with distilled water. For Arabidopsis, the Atarf7 Atarf19 mutant was used for transgenic analysis of the TaLBD16 gene. The seeds were surface-sterilized with 5% NaClO containing 0.02% Triton X-100 for 15 min, washed five times with sterilized water, and cold treated at 4°C for 3 days in the dark, then sown on Murashige and Skoog (MS) medium with 1% sucrose and 0.6% agar. The seedlings grew in vertical culture plates for 12 days in the glasshouse.
Measurement of lateral root number on the primary root
The primary root is formed at the basal pole of the embryo after seed germination (Taramino et al., 2007) . The lateral root number on the primary root (LRNPR) of wheat accessions after the designated time points in culture (4, 6, 8 and/or 10 DAG) was measured with a root scanner (Perfection 4990 Photo; EPSON, https://ep son.com) and analyzed using Adobe PHOTOSHOP (Adobe, https:// www.adobe.com). The lateral root number of the Atarf7 Atarf9 mutant and transgenic plants were determined using their digital images and Adobe PHOTOSHOP. Each genotype was performed with three biological replicates. For each genotype, the seedlings number of each replicate was at least 10 and six for wheat and Arabidopsis, respectively.
RNA extraction and first-strand cDNA synthesis
For expression analysis, primary roots of wheat species were collected for RNA isolation at the indicated culture time points. The total RNA was extracted by using the standard TRIzol RNA isolation protocol (Invitrogen, now ThermoFisher Scientific, https:// www.thermofisher.com), according to the manufacturer's instructions. The detailed procedures and protocols were as described by Han et al., 2016. Cloning of the TaLBD16 gene Protein sequences of AtLBD16, AtLBD18 and AtLBD29 were employed as probes for BLAST searches against the wheat cDNA sequence database (http://plants.ensembl.org/Triticum_aestivum/ Tools). Based on the conserved nucleotide sequences of the TaLBD16 genes, a specific primer pair was designed to obtain genomic and cDNA sequences of the three TaLBD16 homoeologues containing the ORFs, according to the reference genome sequence of CS (Table S4 ). The PCR assays were performed with high-fidelity PrimeSTAR polymerase (TaKaRa, http://www.takarabio.com) for 35 cycles (94°C for 5 min; cycles of 94°C for 30 sec, 59°C for 30 sec, 72°C for 45 sec; followed by 72°C for 10 min). The PCR products were recovered, cloned into the pEASY-Blunt vector (TaKaRa) and sequenced.
Sequence alignment analysis was conducted with DNAMAN and BIOEDIT (Alzohairy, 2011) . The phylogenetic tree was constructed with MEGA6 software using the neighbor-joining (NJ) method (Tamura et al., 2013) .
RT-PCR and CAPS analyses
For RT-PCR analysis, the PCR conditions for amplification were as follows: 5 min at 94°C, followed by 30 cycles of 30 sec at 94°C, 30 sec at 56-62°C and 1 min at 72°C, with a final extension at 72°C for 10 min, using specific primer pairs (Table S4) .
For CAPS analysis, the PCR reactions were performed using Tks Gflex DNA Polymerase (TaKaRa), under the following conditions: 94°C for 1 min, followed by 34 cycles of 98°C for 10 sec, annealing (60°C) for 30 sec, and extension at 68°C for 30 sec, with a final extension of 68°C for 10 min. The 10-ll reaction mixture contained 5 ll of PCR product, 2 units of restriction enzyme, 1 ll of 10 9 buffer and 2 ll of sterilized MilliQ water. Each reaction was digested with the BtsIMutI, which was performed overnight at 65°C. The digestion fragments were detected through 1.5% agarose gels and visualized under UV fluorescence after staining with ethidium bromide. The integrated density of gray value was calculated with IMAGEJ.
Quantitative RT-PCR
Quantitative RT-PCR (qRT-PCR) was performed using SYBR Green II mix (TaKaRa) on a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, http://www.bio-rad.com). The qRT-PCR reaction was conducted under the following conditions: 95°C for 3 min, 40 cycles of 95°C for 15 sec, 60°C for 20 sec and 72°C for 20 sec. Each amplification reaction was performed in triplicate. Differences between the cycle threshold (Ct) values of the target gene and wheat Actin gene were calculated as MC t = C t target gene ÀC t Actin , and the relative expression levels of target genes were determined using the 2 ÀMCt method (Han et al., 2016) . The wheat Actin gene was used as an endogenous control (Kandasamy et al., 2009; Han et al., 2016) and its accession number is shown in Table S3 . The specific primer pairs for the amplification are listed in Table S4 .
Subcellular localization
The full-length ORF of TaLBD16 was amplified using two specific primers (Table S4 ) and subsequently fused to the 5 0 end of green fluorescent protein (GFP) in the pCAMBIA1300 vector. The fusion construct mas-TaLBD16-GFP and the control of mas-GFP were separately introduced into young leaves of 4-week-old tobacco plants by the Agrobacterium-mediated transient expression method (Liu et al., 2010) . The transformed plants were cultured at 22°C for 48 h, and then protein expression was observed using a confocal microscope (Eclipse TE2000; Nikon, https://www.nikon. com).
Plasmid construction and plant transformation
The full-length ORF of TaLBD16-D was amplified by PCR-directed cloning using a specific primer pair (Table S4) , digested with BamHI and SpeI, and then inserted into the pWMB122 vector. pWMB122 harbored two independent T-DNA regions and was employed as the expression vector via an Agrobacteriummediated co-transformation method in wheat . In the T 3 generation, two independent positive transgenic lines were employed for phenotypic and molecular analyses.
In Arabidopsis, to construct 35S-TaLBD16 plasmids, TaLBD6 coding regions were transformed from the pDONR221 vector to pB2GW7 by Gateway LR recombination. Details of vector construction were performed according to the manufacturer's instructions (Invitrogen). The resulting vectors were introduced into Agrobacterium tumefaciens GV3101 by the floral-dipping method (Clough and Bent, 1998) . The homozygous transgenic plants were used for further investigation.
Statistical analyses
The Student's t-test was conducted using EXCEL. A one-way analysis of variamce (ANOVA) with the least significant difference (LSD) test and Pearson's correlation with the two-tailed Fisher's exact test were performed in SPSS 17.0. A value of P < 0.05 was used to determine significance. The significance thresholds are indicated in the figure legends. Error bars represent SEs or SDs.
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